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a b s t r a c t

The interest in thorough description of Zn1exMnxGeAs2 arises from its suitability for application in the
field of non-linear optics. The room temperature far-infrared reflectivity spectra of single crystals Zn1

exMnxGeAs2, where 0 � x � 0.078, were measured in the spectral range from 80 cm�1 to 500 cm�1. The
spectra were analyzed by fitting procedure using a dielectric function which includes interaction be-
tween a plasmon and two different phonons. The detected phonons are in excellent agreement with the
theoretical predictions. The MnAs cluster phonons are detected, as well.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Ternary semiconductors of the form II-IV-V2 are crystal-
chemicals that are electrical twins of semiconductors of the form
III-V. Ordered replacement of the atom III in a semiconductor by the
atoms II and IV in a ternary semiconductor causes doubling of the
unit cell size in the direction of the c-axis and consequent reduction
of symmetry from the cubic to the tetragonal. For example, a
representative of this group of materials, ZnGeAs2 with the twin
semiconductor GaAs, crystallizes in the chalcopyrite structure.

A diluted magnetic semiconductor whose Curie temperature is
as high as 300 K can be obtained by doping ZnGeAs2 with Mn [1,2].
The non-linear optical coefficients of the resulting alloy, i.e., of
Zn1exMnxGeAs2, are large [3], and its direct energy gap corre-
sponding to T ¼ 300 K at the G point of the Brillouin zone is
Eg ¼ 1.15 eV [4]. Due to these characteristics, the described material
is suitable for application in the non-linear optics; hence the in-
terest for its other attributes.

The plasmons of free carriers and the longitudinal-optical (LO)
phonons interact through their macroscopic electric fields, and the
result is appearance of the coupled LO phonon-plasmon modes
(CPPMs). The vast majority of published studies are devoted to the
n-type semiconductors and the interaction of a single phononwith
effective plasmons. The studies involving the influence of the
plasmon damping on the CPPM followed somewhat later [5]. For
example, for low damping rates in the n-type GaAs, the coupled
modes can be classified in an upper Lþ branch and a lower L�
branch. With the increase in the carrier density, i.e., plasma fre-
quency, the nature of the upper mode changes in energy from the
LO phonon-like to a plasmon-like. The change in the lower fre-
quency mode occurs the other way around, reaching the
transverse-optical (TO) phonon energy for large plasmon energy.
The distinction between the upper and lower mode becomes
meaningless for large plasmon dumping. In this case, one mode is
more phonon-likewith energy uLO for uP¼ 0 anduTO for uP >> uLO,
with nearly pure phonon damping in both cases, whereas the other
mode is an overdamped plasmon mode. Further, it is the plasma
with high mobilities and low effective masses of the carriers that is
often considered, in which case is enabled the detection of low, L�,
and high, Lþ, energy branch of the CPPM [6,7].

Despite the early theoretical prediction of the interaction be-
tween two phonons and a plasmon [8], experimental confirmations
are rare [9e11]. As for the influence of the plasmon damping on the
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interaction between a plasmon and two different phonons, i.e. on
the coupled plasmon-two-phonons modes, CP2PM, to the best of
our knowledge it has not been considered so far.

Our intention is to use far-infrared spectroscopy to study the
fundamental properties of the coupled plasmon-two-phonons
modes in the p-type materials, as well as to further investigate
these coupled modes under different plasmon damping conditions.
The Raman spectra measurements performed on the
Zn1exMnxGeAs2 system [12] offer additional justification for the
intended course of research.

2. Experimental technique, methods, and groundwork

The studied samples of Zn1exMnxGeAs2 were grown from a
stoichiometric ratio of high purity powders of ZnAs2, Ge, and Mn,
using the direct fusion method. The chemical composition was
within the interval 0 � x � 0.078. The technology of sample
preparation is explained in detail in Ref. [13].

The preliminary studies of characteristics of Zn1exMnxGeAs2
samples were undertaken and the results were presented in
Refs. [2,14,15]. Using the X-ray diffraction spectra of powdered
samples it was found that samples contain two main phases. These
are solid solutions of Mn in ZnGeAs2 and in Zn2Ge11As4 compound,
with chalcopyrite and zinc-blade cubic crystal structure, respec-
tively. The magnetic properties of the alloy depend on the presence
of Mn in the composition. Low Mn content produces a para-
magnetic material, whereas larger amounts of Mn cause a ferro-
magnetic alignment of the alloy. From the results of the Hall
measurements given in Table 1 it can be observed that the samples
with relatively high density of the p-type free carrier, i.e. samples
with x¼ 0, 0.013, and 0.047, have rather lowmobility, whereas high
mobility is associated with low density of the free carrier in sam-
ples with x ¼ 0.0028, 0.053, and 0.078.

The presence of MnAs clusters in our Zn1�xMnxGeAs2 crystals
was done with the use of a scanning electron microscope (SEM)
coupled with energy dispersive x-ray spectrometer system (EDX).
We used the field emission Hitachi SU-70 Analytical UHR FE-SEM
SEM equipped with Thermo Scientific NSS 312 EDX system equip-
ped with silicon drift detector. The samples surface was prepared
prior to the SEM measurements including was mechanical polish-
ing and chemical cleaning. The purpose of the sample preparation
was to reduce the surface roughness and remove unintentional dirt
and impurities. Our equipment allowed simultaneous use of the
SEM and EDX techniques which in turn enabled to obtain images of
the sample surface and the measurements of the localized
elemental information at selected surface spots. A series of SEM
maps was obtained for the Zn1�xMnxGeAs2 samples with different
chemical composition. In agreement with our previous results [2]
the SEM data showed no clustering for the samples with x < 0.07.
For x ¼ 0.078 the presence of MnAs clusters was observed (see
Fig. 1).

The EDX results indicate the presence of MnAs clusters with
diameter of about 10 mm. The stoichiometry of the ZnGeAs2 equals
1:1:2 and the chemical content of MnAs inclusions is also close to
1:1.

The study of the CP2PM in p-type Zn1exMnxGeAs2 was per-
formed by measuring the far-infrared (FIR) reflection spectra at
room temperature in the spectral range of 80 cm�1e500 cm�1,
using BOMEM DA 8 spectrometer.
Table 1
Results of Hall measurements for Zn1exMnxGeAs2.

x(Mn) 0 0.0028 0.013 0.047 0.053 0.078
p(1019 cm�3) 8.1 1.9 10.5 10.2 3.3 5.2
m(cm2/Vs) 19.1 67.8 14.9 15.3 44.1 28.7
3. Results and analysis

The far-infrared reflection spectra of single crystal samples of
Zn1exMnxGeAs2 are shown in Fig. 2. Each experimentally obtained
data point is marked with a circular symbol. Two different spectra
types are clearly visible. Thesampleswith low freecarrierdensity, i.e.,
samples corresponding to x ¼ 0.0028, 0.053, and 0.078, show sig-
nificant phonon structure. For the sample with x ¼ 0.0028 the
following features are distinguishable: the two dominant structures,
clearly separated and located one in section 235 cm�1e245 cm�1 and
theother in270cm�1e290cm�1, twophononsatabout210cm�1 and
260 cm�1, as well as the weakly expressed structures at approxi-
mately 120 cm�1 and 190 cm�1. Note that stabilization of tetragonal
structures occurred in this sample, according to the results of the X-
ray measurements. The described features are visible in the spectra
corresponding to x¼ 0.053 and x¼ 0.078, as well, however, in much
less pronounced form. In these two cases it would be more appro-
priate to state that only the twomost dominant structures are clearly
visible.

When the free carrier density increases, i.e., for the samples
corresponding to the remaining three values of x, the spectra take a
completely different shape. Only the outlines of formerly clear
structures can now be distinguished within a single wide shape,
which should rather be described as a structure of slightly wavy
shape. The most pronounced spectra from this group corresponds
to x ¼ 0.047. The phonon located at about 210 cm�1 and the
structure positioned between 235 cm�1 and 245 cm�1 are broad-
ened, merged, and spread up to 270 cm�1, which is the lower limit
of the most pronounced structure in previously described spectra
and is now practically hidden by the electrons. The most pro-
nounced became the structures located at about 180 cm�1 and
260 cm�1, as well as the phonon positioned at approximately
90 cm�1. The global minimum is shifted to above 320 cm�1.
Compared to the samples with low free carrier density, a noticeable
reflectivity increase is registered in this area, as well.

A theoretical model of the bulk dielectric function has been
discussed by several authors [6,16]. The low-frequency dielectric
properties of single crystals are described by classical oscillators
corresponding to the TO-modes, to which the Drude part is
superimposed to take into account the free carrier contribution:

εSðuÞ ¼ ε∞ þ
Xl

k¼1

ε∞

�
u2
LOk � u2

TOk

�

u2
TOk � u2 � igTOku

� ε∞u2
P

uðuþ iGPÞ
; (1)

where ε∞ is the bound charge contribution and it is assumed to be a
constant, uLOk and uTOk are the longitudinal and transverse optical-
phonon frequencies, uP the plasma frequency, gLOk and gTOk indi-
cate the damping of uncoupled modes of the host crystal, and GP is
the plasmon mode damping coefficient.

Our previous works [17e19] support the opinion that the
structures located in the regions 235 cm�1e245 cm�1 and
270 cm�1e290 cm�1, are a consequence of the combined plasmon-
LO phonon modes, ulj. Therefore, we consider these two structures
as good candidates for verification of CP2PM. The outcomes of the
coupling between a single phonon and a plasmon, CPPM, for the
various values of plasma damping G, are given in Fig. 3. The phonon
is taken to be the E2 phonon in Zn1exMnxGeAs2, which in Eq. (1)
corresponds to l ¼ 1, uTO ¼ 268 cm�1, and uLO ¼ 273 cm�1,
whereasuP defines the plasmon. The positions of the coupledmode
were obtained from the real part of Eq. (1) as the solution of the
equation Re{εS} ¼ 0 for l ¼ 1. The obtained result is in excellent
agreement with the GaAs case described in Ref. [5]. Further, each of
the two structures taken as an example can be explained using the
approach illustrated in Fig. 3, i.e., for the both cases the appropriate



Fig. 1. Exemplary SEM image (top left) and EDX microprobe results including the detailed chemical content measurement (top right) and the maps of the distribution of the alloying
elements obtained for the Zn1�xMnxGeAs2 sample with x ¼ 0.078.
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values of plasma frequency and damping can be determined to
provide full description of the given structure. However, the
dielectric function formed in such a way to account for the inter-
action of each individual phonon with the plasma, would lead to
difficulties in understanding the nature of the multicomponent
plasma. Several studies are dedicated to this issue [7e11].

With the intention to avoid the discussed difficulties and to
establish better model of reflectivity spectra of Zn1exMnxGeAs2, we
used the dielectric function that includes in its initial form the
interaction between two different LO phonons and a plasmon, i.e.,
the plasmon-two-phonons interaction [8,11], namely:

εðuÞ¼ ε∞

Y3
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uðuþ iGPÞ
Y2

i¼1

�
u2þ igtiu�u2

ti

��
Ys

k¼1

u2þ igLOku�u2
LOk

u2þ igTOku�u2
TOk

:

(2)

The first term in Eq. (2) represents coupling of a plasmon and
two phonons, whereas the second term accounts for all s uncoupled
modes of the crystal. The parameters ulj and glj in the numerator of
the first part are eigenfrequencies and damping coefficients of the
longitudinal (LO) component of the plasmon-two-phonons waves,
respectively. The parameters utj and gtj in the denominator of the
first part correspond to the corresponding characteristics of the
transverse (TO) vibrations. The second factor represents uncoupled
crystal modes, where uLOk and uTOk are the longitudinal and
transverse frequencies, while gLOk and gTOk are the damping co-
efficients of the k-th crystal mode.

The dielectric function given with Eq. (2) was used to obtain the
theoretical prediction of the experimental spectra shown in Fig. 2.
The agreement between the experimental data shown as circles
and the theoretical spectra given as solid lines is excellent.

The number of uncoupled phonons, s, depends on the manga-
nese concentration, x, and will be discussed latter. In order to better
understand the obtained results, the influence of the plasma
damping on the positions of coupled plasmon-two-phononsmodes
is shown in Fig. 4. As explained earlier, the coupled mode positions
are defined as the solutions of the real part of Eq. (1), i.e., Re{εS}¼ 0;
however, now under the condition l ¼ 2.

The values of frequencies uTO1 and uTO2, obtained as the best fit
to experimental data, are 236 cm�1 and 268 cm�1 for E3 and E2,
respectively. Ten values of the parameter G were considered,
namely G ¼ 0, 40, 60, 80, 100, 120, 140, 160, 180, and 250 cm�1. The
obtained dependence of the coupled modes positions depicted in
Fig. 4 is qualitatively different from the one given in Fig. 3, which is
expected since the number of coupled modes is different. For G¼ 0,



Fig. 2. Far-infrared reflection spectra of Zn1exMnxGeAs2 single crystals. The experi-
mentally obtained data points are depicted by circles. The theoretical spectra obtained
with the model defined by Eq. (2) and fitting procedure are given as solid lines. Six
different samples were considered with six values of manganese concentration x ¼ 0,
0.0028, 0.013, 0.047, 0.053, and 0.078.

Fig. 4. Eigenfrequencies of plasmon-two-phonon modes for single crystal
Zn1exMnxGeAs2. The solid lines are spectra calculated from Re{εS} ¼ 0, where εS is
given by Eq. (1) whose parameter l is set to 2. Ten different values of plasma damping
were considered, i.e., G ¼ 0, 40, 60, 80, 100, 120, 140, 160, 180, and 250 cm�1. Values
obtained with Eq. (2) as the best fit to the experimental data in Fig. 1 are represented
by solid symbols for samples with low free carrier density and open symbols for high
free carrier density.
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here as well as in Fig. 3, the lower branch starts as a plasmon and
ends in TO1 phonons, whereas the upper branch begins as a
phonon and ends in plasmon tail. The new branch, absent in Fig. 3,
begins as LO1 phonon and approaches TO2 phonon at high values
Fig. 3. Eigenfrequencies of plasmonephonon modes for single crystal Zn1exMnxGeAs2.
The solid lines are spectra calculated from Re{εS} ¼ 0, where εS is given by Eq. (1)
whose parameter l is set to 1. Seven different values of plasma damping were
considered, i.e., G ¼ 0, 50, 100, 150, 200, 250, and 300 cm�1.
of plasma frequency. The values of LO phonon frequencies are ob-
tained from Fig. 4 as a results of best fit. The nature of the branches
does not change with the increase of plasma damping up to rela-
tively large value of G ¼ 250 cm�1; instead, each branch is shifted
within its range. The regions between TO1 and LO1, as well as be-
tween TO2 and LO2 are branch-free, as was the case with the
TOeLO region in Fig. 3 for the LO phonon-plasmon interaction.

Results obtained as the best fit to the experimental data are in
Fig. 4 denoted by different symbols for different values of x. The
obtained values of plasma frequencies follow the change in free
carrier density, N, which was expected since uP

2 is proportional to N.
The most pronounced spectrum from each of the two groups, i.e.,
the one with x ¼ 0.0028 and x ¼ 0.047, correspond to the smallest
value of plasma damping within its group.

There are three groups of uncoupled phonons. The first group
contains the phonons that originated from ZnGeAs2 and were
detected in all spectra. These are the phonons located at around
101 cm�1,117 cm�1,161 cm�1, and 210 cm�1, with the B3

1, E5, E4, and
A1 symmetry, respectively, as well as the group of phonons in the
vicinity of 275 cm�1 whose symmetry is of the E1 and B2

1 type. These
phonons are described in detail in Ref. [20].

The weak phonons around 180 cm�1 for x ¼ 0.053 and 0.078,
and above 320 cm�1 for x¼ 0.013 and 0.047, probably correspond to
another detected phase, i.e., to Zn2Ge11As4, or to the surface modes.

The most interesting is the third group of phonons at about
170 cm�1 which correspond to x ¼ 0.013 and 0.047. Although their
presence was noticeable in these two spectra, we did not observe



Fig. 5. Dependence of ε∞ on manganese concentration.
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these phonons in the spectra of the basic material. The calculated
values of the MnAs clusters are positioned at these frequencies, as
well [19]. Note that the Raman spectra measurements offer much
more distinguished results. On the other hand, given the number of
clusters and high free carrier density, for IR spectra it can be
concluded with certainty only that it would not be possible to
completely reproduce the spectra if these phonons were not taken
into account.

The dependence of ε∞ on the concentration of Mn is given
quantitatively in Fig. 5. It was clear from Fig. 1 that ε∞ decreases
with the increase in Mn concentration. In addition to confirming
this conclusion numerically, Fig. 5 shows that the dependence is
linear within each of the two groups of samples that were estab-
lished with respect to the free carrier density, i.e. for the group of
samples with high as well as with low carrier density. The carrier
density does not influence the shape of the dependence, i.e., the
linearity; however, the group of samples with high carrier density
has larger ε∞ compared to the group with low carrier density.

4. Conclusion

We used far-infrared reflectivity measurements to investigate
the influence of plasma damping on the interaction between a
plasmon and two different phonons in Zn1�xMnxGeAs2. The specific
nature of the behavior of the coupled phonons frequency is
determined. At high plasma damping values entrance of phonons
into the region between TO and LO frequencies is not observed for
the plasmon-two-phonons interaction, unlike was the case with
the plasmon-phonon interaction. Existence of MnAs clusters is
confirmed and relation between free carrier concentration and
optical parameters is determined.
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